ABSTRACT: A new synthetic approach to the preparation of intramolecularly collapsed nanoparticles under mild, room temperature conditions has been developed from commercially available vinyl monomers. Reaction of isocyanate functionalized linear copolymers with a diamine in dilute solution leads to the efficient formation of nanoparticles where the diameter of the nanoparticle can be varied by controlling both the molecular weight and mole percentage of isocyanate repeat units. Physical properties for the intramolecularly collapsed nanoparticles were fully consistent with a three-dimensional structure and analysis of the collapse reaction revealed that approximately 75% of the isocyanate groups along the backbone underwent crosslinking with 25% being available for further reaction with monofunctional amines. This stepwise consumption of the isocyanates allows the chemical and physical properties of the nanoparticles to be further tuned and significantly opens up the range of nanoparticles that can be prepared using this mild and highly efficient chemistry.
Introduction
The preparation of polymeric nanoparticles with controlled size and predetermined arrangement of functional groups has become an attractive research topic in recent years. This interest is driven by the use of these tailor-made, functional nanoparticles in a variety of applications in the fields of microelectronics, 1 drug delivery, 2 polymer processing, 3 etc. To address the need for nanoparticles that can serve in these broad capacities, a diverse range of strategies have been developed to increase the scope and availability of these systems including micro/miniemulsion 4 techniques and discrete synthesis of spherical molecules such as dendrimers, 5 as well as the self-assembly of block copolymers into micelles followed by chemical cross-linking. 6 While successful, these strategies generally display a trade off with respect to size and accessibility. Nanoparticles above 20 nm in size are easier to prepare, however structural control is more difficult. In direct contrast, smaller nanoparticles, such as dendrimers, allow access to the potentially more interesting sub-20-nm regime and are structurally well-defined, though significantly more difficult to prepare. To achieve the goal of developing facile synthetic procedures for preparing well-defined, sub-20-nm nanoparticles, intramolecular chain collapse strategies have been developed.
Cross-linking of functionalized, linear polymer chains under dilute conditions allows a wide range of nanoparticles to be prepared with the chain collapse strategy relying heavily on the reactivity and orthogonality of the cross-linking functionality. Simulation studies have shown that the distribution of monomers leads to different macromolecular architectures 7 and the ratio of intramolecular to intermolecular cross-linking varies inversely with initial polymer concentration and molecular weight. 8 In addition, a similar intramolecular collapse profile has been observed for star polymers and dendrimers, 9 leading to nanoparticles that have a dramatic effect on a variety of polymeric properties. 10 To date, this technique has made use of free-radical cross-linking of vinyl functionalizations, 11, 12 click chemistry, 13 photo-cross-linking of cinnamoyl groups, 14 noncovalent interactions, 15 and the thermal cross-linking of benzylcyclobutane (BCB) or BCB precursors. 16 While the BCB strategy is arguably the most scalable, as it forms no side products and requires no catalyst, the reaction conditions are harsh (250°C), which may preclude the use of other comonomers and/or functional groups. We report herein a synthetic strategy for the preparation of linear copolymers containing pendant cross-linkable isocyanate functionalities from commercially available monomers and the intramolecular cross-linking/chain collapse of these copolymers with suitable difunctional (diamine) molecules (Figure 1 ). These polymer nanoparticles are soluble in a variety of organic solvents and can be prepared on gram scales at ambient temperatures.
Experimental Section
Materials. The chain transfer agent, S-methoxycarbonylphenylmethyl dithiobenzoate (MCPDB), was prepared using literature procedures. 17 Styryl and methacrylic monomers were purchased from the Aldrich Chemical Co. and filtered over neutral alumina before use. Tetrahydrofuran (THF), dichloromethane (DCM), chloroform (CHCl 3 ), and hexanes were purchased from Fisher Scientific and dried before use. All other reagents were used without further purification.
Instrumentation. Synthesized materials were characterized by 1 H and 13 C nuclear magnetic resonance (NMR) spectroscopy using either a Bruker 200 or 500 MHz spectrometer. Gel permeation chromatography (GPC) was performed in tetrahydrofuran on a Waters Alliance HPLC system (Waters 2695 *Corresponding author. E-mail: hawker@mrl.ucsb.edu. separation module, Millford, MA) equipped with four Waters styragel HR columns. Waters 2414 differential refractometer index and 2996 photodiode array detectors were employed. The molecular weights of the polymers were calculated relative to linear polystyrene standards. Dynamic light scattering (DLS) measurements were carried out on a Brookhaven BI-9000AT digital autocorrelator (Holtsville, NY) equipped with an Avalanche photodiode detector and a MG vertically polarized 35 mW He-Ne 633 nm laser and operated by the 9KDLSW control program. The hydrodynamic diameter and distribution of the nanoparticles were determined by fitting the correlation functions with the ISDA analysis software package (Brookhaven Instruments Co.) and applying the non-negatively constrained least-squares particle size distribution analysis (NNLS). Viscosity measurements were carried out using Schott micro-Ubbelohde viscometer (type No. 53710, Capillary No. M1) with the solutions prepared at least 1 day before the measurement by dissolving the polymer in pure solvent followed by filtering through a 0.45-μm filter.
Synthesis of Poly(isocyanatoethyl methacrylate-methyl methacrylate) [ICEMA-MMA] Copolymer (1). A 10 mL glass ampule was charged with a mixture of methyl methacrylate (1.70 g, 17.0 mmol) and 2-isocyanatoethyl methacrylate (0.465 g, 3.0 mmol) in 0.5 mL of dry benzene. S-Methoxycarbonylphenylmethyl dithiobenzoate (MCPDB, 2.69 mg, 0.009 mmol) and AIBN (0.10 mg, 0.0006 mmol) were then added, from stock solutions in benzene, and the polymerization mixture degassed by repeated freeze-thawevacuate cycles (Â3). The ampule was then flame-sealed under vacuum and heated in an oil bath at 75°C for 18 h, at which point the solution became quite viscous. The resulting polymer solution was diluted with 3 mL of DCM and precipitated into 50 mL of dry hexanes. The supernatant was decanted and the solid polymer precipitate was redissolved in a minimum of dichloromethane and transferred into a tared vial. The vial was placed on a rotary evaporator until the majority of solvent was removed and then placed under a high vacuum to dryness, giving 1.41 g of pure copolymer (isolated yield 67%): M w = 149 000; PDI = 1. 23; IR 3050-2800 IR 3050- , 2275 IR 3050- , 1731 IR 3050- , 1488 IR 3050- , 1459 IR 3050- , 1394 IR 3050- , 1367 IR 3050- , 1244 IR 3050- , 1193 IR 3050- , 1149 , and 1070 cm (4a) . A 50 mL pear-shaped flask was charged with a mixture of styrene (4.68 g, 45.0 mmol) and 2-isocyanatoethyl methacrylate (0.776 g, 5.0 mmol). S-Methoxycarbonylphenylmethyl dithiobenzoate (MCPDB, 6.28 mg, 0.021 mmol) and AIBN (0.23 mg, 0.0014 mmol) were added, from stock solutions in toluene, to the reaction mixture. The monomer solution was then degassed by sparging with nitrogen for 10 min followed by heating in an oil bath at 75°C for 18 h. The resulting polymer solution was diluted with 3 mL of DCM and precipitated into 50 mL of dry hexanes. The hexanes were decanted off and the solid polymer precipitate was redissolved in a minimum of dichloromethane and transferred to a 6 dram vial.
The vial was placed on a rotary evaporator until the majority of solvent was removed and then placed under a high vacuum to dryness. After weighing to determine conversion/yield, 1.05 g of pure copolymer was obtained and used without any further purification.
Removal of the Dithioester End Group To Give [ICEMA-Sty] Copolymer (4). A 50 mL pear-shaped flask was charged with a solution of 4a (1.20 g, 1.00 mmol equiv of NCO) in 5 mL of toluene followed by an excess of AIBN (400 mg, 2.44 mmol), and the polymerization mixture was degassed by sparging with nitrogen for 10 min. The flask was then heated in an oil bath at 75°C for 4 h and the resulting colorless solution precipitated directly into 50 mL of dry hexanes. The supernatant was decanted and the white, solid polymer precipitate redissolved in a minimum of dichloromethane and transferred to a 6 dram vial. The vial was placed on a rotary evaporator until the majority of solvent was removed and then under high vacuum to dryness. After weighing to determine conversion/yield, 0.99 g of copolymer 4 (isolated yield 95%) was obtained: M w = 69 000; PDI=1.09; IR 3080-2850, 2265, 1728, 1599, 1493, 1452, 1375, 1350, 1265, 1170, 1110 , and 1070 cm Preparation of Linear Control Copolymers Incorporating Urea Groups (2 and 5). A 100 mL round-bottom flask was charged with a mixture of the previously prepared isocyanate functionalized copolymer 1 (0.51 g, 0.5 mmol equiv of NCO) in 25 mL of THF. An excess of 2-methoxyethylamine (0.43 g, 0.5 mL, 5.76 mmol) was added to the solution and stirring continued at room temperature for 2 h. The resulting polymer solution was precipitated into 50 mL of dry hexanes, filtered and the solid dried under high vacuum to give 2 as a white solid (0.53 mg, 98%): M w =151 000; PDI=1.23; IR 3425 (N-H) 3050-2800, 1733, 1690, 1660, 1562, 1486, 1452, 1392, 1274, 1245, 1195 , and 1151 cm
H NMR (200 MHz, CDCl 3 ) δ 6.00 (broad, NH), δ 4.09 (bt, CH 2 ), 3.59 (bt, CH 3 ), 1.82 (bs, CH 3 ), 1.25-0.85 (m, CH 2 ). A similar procedure was used to prepare control samples from the styrene copolymers (4) using dichloromethane as solvent.
General Procedure for Nanoparticle Formation (3 and 6). The isocyanate functionalized copolymer 1 (500 mg, 0.29 mmol equiv of NCO) was dissolved in 25 mL of freshly distilled THF. A 100 mL round-bottom flask was then charged with 0.5 equivalents of 2,2 0 -(ethylenedioxy)diethylamine (21.5 mg, 0.145 mmol) combined with 25 mL of THF. The THF solution of 1 was added dropwise via syringe to the flask over a 10 min period with vigorous stirring and the mixture was allowed to stir for 2 h. An excess of either benzylamine or 2-methoxyethylamine (0.43 g, 0.50 mL, 5.76 mmol) was added to the solution, and after the mixture was stirred for an additional hour, the contents were evaporated to dryness. The residue was redissolved in a minimum amount of DCM and precipitated in 50 mL of dry hexanes. The precipitate was filtered and dried in vacuo to give 3 as a white powder (390 mg, 71%): M w =26 600; PDI= 1.27; IR 3403 (N-H) 3050-2800, 1733, 1685, 1652, 1560, 1486, 1450, 1392, 1274, 1245, 1193 , and 1149 cm . In the case of the polystyrene copolymers (6) the same reaction conditions were employed; however, DCM was used as the solvent.
Results and Discussion
In examining the selection of benzocyclobutane (BCB) as a cross-linking group for intramolecular chain collapse, 16 the positive features were its stability to radical polymerization, high reactivity under cross-linking conditions and formation of crosslinked units that are unreactive. The disadvantages of BCB are its challenging synthesis and the prohibitive temperatures at which it is activated. For example, the use of 250°C benzyl ether solutions precludes the presence of sensitive functional groups in the nanoparticles and reduces the range of possible structures that can be obtained. Upon examination of the BCB-based process, it becomes apparent that the development of a room temperature cross-linking strategy would significantly open up the range of nanoparticles that could be prepared under intramolecular chain collapse conditions. To address this challenge, a well-known reaction that is both efficient and devoid of side products is the formation of ureas by reaction of isocyanates with amines. This coupling reaction proceeds at ambient temperatures without the need for a catalyst, and the isocyanate group is stable to storage in the absence of water. Finally, the preparation of vinyl polymers containing isocyanate groups is facilitated by the commercial availability of 2-isocyanatoethyl methacrylate, which is a major advantage when compared to BCB-based monomers. The synthetic strategy involves copolymerization of 2-isocyanatoethyl methacrylate with a variety of vinyl monomers to give the desired linear polymers with isocyanate functionalities incorporated along the polymer backbone. Under room temperature conditions, the isocyanates do not undergo cross-linking with each other in a manner similar to BCB at elevated temperatures. In contrast, the isocyanates were coupled to a secondary component in the form of a diamine to affect cross-linking. This 2-component system was considered to be acceptable, due to the extremely rapid and quantitative reaction of isocyanates with amines at room temperature to form urea linkages, and in analogy with the BCB chemistry, the reaction is very efficient with minimal side products.
Initial studies were directed toward a methacrylate-based backbone with RAFT mediated free-radical polymerization of methacrylate comonomers (with MCPDB as chain transfer agent) being performed under standard conditions in benzene. This approach allows accurate control over molecular weight, polydispersity, and level of isocyanate incorporation leading to a library of methacrylic copolymers, 1, with 5-20% ICEMA incorporation and molecular weights, M w , between 25 and 150 kDa (Scheme 1). Due to the sensitivity of isocyanates to water, it was found that storing the dried copolymers for extended periods of time (1+months) led to cross-linking even at -20°C under an inert atmosphere. However, creation of a 0.05 M stock solution of the purified copolymers in dry THF gave a stable solution that could be stored for months without any undesired side reactions of the pendant isocyanate groups.
It is clear that for the collapse reaction, either the diamine can be added to a solution of the isocyanate copolymer or vice versa. Initial studies showed that more efficient and reproducible intramolecular chain collapse was observed when a THF solution of the isocyanate copolymer was added to a solution of the diamine, which was maintained at 0.5 equivalents of total isocyanate concentration. From these experiments, it was determined that the onset of gelation occurred at a total chain concentration of approximately 0.3 mM with the collapse reaction being more efficient for higher molecular weight samples and for lower isocyanate loading, which is consistent with modeling studies.
8 From these studies it was decided that all collapse reactions would be performed at a concentration of ∼0.1 mM and were typically conducted on gram quantities with the diamine of choice being 2,2 0 -(ethylenedioxy)diethylamine. As shown in Scheme 2, the synthetic procedure involves continuous dropwise addition of the copolymer to the diaminecontaining solution and, after the addition was complete, the reaction was allowed to stir at room temperature for 2 h to allow the intramolecular reaction to reach completion. Isolation of the nanoparticles at this stage of the process resulted in gelation of the sample, presumably due to the presence of accessible isocyanate and amine groups at the surface of or within the nanoparticles. These reactive units were then able to undergo internanoparticle reactions leading to cross-linking, 18 consistent with simulation studies showing that these functional groups along the backbone of linear polymers and intramolecular cross-linked structures are mobile and accessible. 18 To overcome this undesired internanoparticle coupling, unreacted isocyanate groups were capped by reaction with an excess of 2-methoxyethylamine. Following this procedure allowed the reaction mixture to be concentrated and the resulting solid cleanly redissolved in a minimum of DCM and precipitated into hexanes. The collapsed product, a white powder, was stable under ambient conditions and was shown to be soluble in a variety of organic solvents, including DCM, THF, dimethyl sulfoxide, etc. Significantly, the nanoparticles typically required some heat or the addition of a few drops of methanol (the particles were insoluble in pure methanol) to redissolve, and this behavior may be attributed to internanoparticle supramolecular, H-bonding interactions between the hydrogen bonding urea groups that are formed upon reaction of the isocyanate groups with the diamine.
15,19 A recent paper from Meijer 15a elegantly demonstrates the dramatic influence of supramolecular interactions in intramolecular nanoparticle assembly and disassembly.
Having obtained soluble products from the above reaction, complete characterization of the nanoparticles was essential to demonstrate the discrete, intramolecular nature of the collapse process. Comparison of the GPC traces for the collapsed nanoparticles versus the starting linear copolymers is an efficient diagnostic technique for demonstrating the volume change that would be expected for collapse of a random coil polymer to give an intramolecularly cross-linked nanoparticle. As shown in Figure 2 for methyl methacrylate based copolymers containing 5, 10, 15, and 20 mol % of isocyanate-functionalized repeat units, a remarkable increase in retention time is observed on increasing the relative percentage of isocyanate groups along the backbone from 5 to 20 mol %. This increased retention time corresponds to a reduction in hydrodynamic volume with increasing intramolecular cross-link density, fully consistent with prior work.
16 A similar trend was observed for higher molecular weight starting copolymers with molecular weights from 45 to 150 kDa (Table 1 ). An interesting contrast with BCB-based systems was the increased polydispersity for the nanoparticle in general when compared to the starting linear polymers. One possible explanation for this is that the two-component cross-linking reaction leads to a greater dispersity in intramolecular cross-link densities and hence a greater size range.
As a control system, the synthesis of linear control copolymers was performed to ensure that the observed change in retention volume is not an artifact due to the interactions of the polar urea functional groups along the backbone with the GPC packing material. Reaction of 1 with an excess of 2-methoxyethyl amine, essentially one-half of the diamine cross-linker, leads to a linear copolymer, 2, which has the same number of backbone repeat units as 1 and 3 and essentially the same polar urea units along the backbone (Scheme 2). These linear control polymers have similar molecular weights and polydispersities to the reactive ICEMA-MMA precursors, 1, with chemically equivalent side groups to the nanoparticles, 3. Additionally, the white color of both the control polymer 2 and the nanoparticle 3 was strong evidence that reaction of the starting copolymers (pink due to the dithioester chain end) with excess amine caused aminolysis 19 and loss of the dithioester end groups. Direct comparison of the THF-GPC traces of a 10% isocyanate functionalized starting copolymer to its analogous linear control polymer and nanoparticle products revealed that ureas along the backbone are not responsible for the dramatic reduction in apparent molecular weight. Only a slight difference in retention time was observed between copolymers 1 and 2 when compared to the dramatic difference between 1 and 3, which strongly suggests that the change in hydrodynamic volume is primarily due to a change in macromolecular architecture (Figure 3) .
To confirm the globular structure of the intramolecularly cross-linked nanoparticles, solution viscosity and light scattering measurements were conducted. Examination of the nanoparticle, 3, derived from a 15 mol % NCO functionalized, 150 kDa ICEMA-MMA copolymer, 1, and the corresponding, starting linear/control copolymer, 2, by DMF-GPC with MALLS suggested a decrease in hydrodynamic radius from 15 to 8 nm for the urea-collapsed nanoparticle, 3 vs urea-functionalized linear system, 2, while comparison of intrinsic viscosity measurements was consistent with a 3-fold lower intrinsic viscosity for the collapsed nanoparticle (45 to 15 mL/g). Similarly, dynamic light scattering (DLS) was performed in THF on the collapsed nanoparticles and their respective linear control polymers. For the 150 kDa copolymer (15 mol %), the results again supported a change in effective diameter between the random coil of the control polymer (25 nm) and the cross-linked, collapse nanoparticle analog (16 nm). Light scattering measurements in either chloroform or toluene gave comparable results and further supports the generation of a chain collapsed, three-dimensional nanoparticle.
Another dramatic demonstration of the change in physical properties due to a change in macromolecular architecture is represented by the reduced viscosity plot for 2 and 3, which shows a significant drop in viscosity for a solution of nanoparticles 3 relative to linear non-cross-linked polymer 2 (Figure 4) . Interestingly, for the 100 and 150 kDa linear control copolymers, an increase in intrinsic viscosity [η] from 31 to 37 mL/g is observed, Figure 3 . Overlay of GPC traces for the starting ICEMA-MMA copolymer 1, (M n =45 300), the corresponding linear control polymer 2 and nanoparticle 3. which is fully consistent with the increase in molecular weight from the functionalization of 1 to afford 2. In direct contrast, the analogous nanoparticles not only displayed much lower reduced viscosities (below 20 mL/g) but there was no significant difference between the two samples even though the molecular weights differ by 50%. This result is consistent with Einstein's prediction that the intrinsic viscosity of a constant density sphere is independent of its molecular weight (5/2 divided by the sphere density). 21 Clearly, the difference in solution viscosities provides further evidence that urea formation leads to intramolecular cross-linking and formation of three-dimensional nanoparticles. 22 One significant difference between this strategy and other chain collapse chemistries is the use of a difunctional, small molecule cross-linker that undergoes reaction with the isocyanate groups along the backbone. As a result of steric hindrance and restricted motion, not all of the isocyanates on the copolymers undergo reaction and, conversely, not all of the singly reacted diamines form cross-links. The resulting nanoparticles would, therefore, be expected to have unreacted isocyanate and unreacted amino groups present within the nanostructure. To examine the level of unreacted isocyanate groups, the collapse chemistry was conducted as described above followed by the addition of a large excess of benzylamine to react with any isocyanate groups that did not participate in the intramolecular cross-linking reaction. The use of benzyl amine was driven by its unique aromatic resonances in the solution 1 H NMR spectra of the collapsed nanoparticles. Integration of the aromatic peaks in the NMR spectra and comparison with the methyl ester peaks of the backbone showed that ca. 25% of the total isocyanates along the backbone underwent reaction with benzylamine, suggesting that ca. 75% of the isocyanate groups participated in the intramolecular cross-linking reaction. The amount of non-cross-linked groups clearly depends on the macromolecule's properties (i.e., backbone stiffness, solvent conditions, etc.) and may be tuned with reaction conditions. 18 Consumption of isocyanate groups during reaction with the diamine followed by quenching with the monoamine was confirmed by the disappearance of the NCO band in the FT-IR spectra for both the linear control polymer 2 and the nanoparticle 3 ( Figure 5 ). Similarly, excess amino groups were also present and could be identified by reaction with either phenyl isocyanate or benzyl isocyanate followed by 1 H NMR analysis. In this case, the level of functionalization was less than 5%, demonstrating that significantly fewer unreacted amino groups are present when compared to unreacted isocyanates. It should be noted, however, that while 100% intramolecular cross-linking was not obtained during reaction with the diamine, the presence of unreacted isocyanate and amino groups is a useful tool for secondary functionalization of the nanoparticles with active components and functional groups.
The use of RAFT-mediated living free radical polymerization for the synthesis of these materials also allows for the preparation of a variety of linear copolymers with other vinyl monomers. As shown in Scheme 3, copolymers based on styrene, 4, could also be employed without any significant changes to the collapse process, giving nanoparticles, 6, which exhibited similar reductions in hydrodynamic volume on comparison with the corresponding linear control copolymer, 5 (Table 2) .
For the styrene-based copolymers, removal of the dithioester end group of 4a was required 23 to facilitate the formation of stable, linear control polymers and nanoparticles. Unlike the MMA-based materials where the dithioester end groups were cleaved by aminolysis resulting in intramolecular cyclization . Infrared spectra for (a) the starting copolymer 1, (M n = 149 000, 15 mol %NCO) (b) the control copolymer 2, and (c) the nanoparticle 3. The band for the isocyanate stretch (2275 cm -1 ) can be clearly seen in the copolymer and is replaced by the bands (1650, 1560 cm -1 ) for the urea groups in both the control polymer and the nanoparticle. and formation of a stable thioester group, similar chemistry for the ICEMA-Sty copolymers resulted in the formation of a thiol at the polymer terminus and subsequent chain coupling via disulfide formation and varying amounts of higher molecular weight products were observed. Therefore, it was necessary to remove the dithioester prior to control/collapse conditions and immediately after precipitation of the copolymer 4a, the crude product was allowed to undergo reaction with an excess of AIBN, removing the thiol functionality and giving an isobutyronitrile chain end (Scheme 3). After intramolecular collapse of the chain end-modified materials, solution viscosity experiments, performed in chloroform, showed the expected differences in behavior between the crosslinked nanoparticle, 6, and the corresponding functionalized linear control copolymer, 5 (Figure 6 ). Chloroform GPC with multiangle laser light scattering (MALLS) was also employed to further analyze the ICEMA-Sty materials and the results confirmed a reduction in the radius of gyration from 12.5 nm for a 38 kDa linear control polymer 5 to 8.0 nm for the analogous nanoparticle 6. Dynamic light scattering performed on chloroform solutions of the 38 kDa and 72 kDa nanoparticles (10 mol % NCO, 6, 10 mg/mL) also gave effective particle diameters of 8.7 and 11.8 nm, respectively. From these data it can be concluded that a similar volume reduction and crosslinking extent is observed for both the styrenic and methacrylate based materials, illustrating the efficiency and orthogonality of the urea-based intramolecular cross-linking reaction.
While the chain collapse chemistry was similar for both systems, one significant difference was the solubility for each set of nanoparticles. Attempts to solubilize the styrenic-based nanoparticles or perform the collapse chemistry in THF, which was the preferred solvent for the methacrylate-based systems, resulted in only poorly soluble or intractable materials. Slightly better results were found when the composition of ICEMA-Sty had a reduced amount of the isocyanate functionality (typically 5 mol %), suggesting a subtle interplay between backbone solubility and H-bonding of the urea groups for the nonpolar styrenic backbone. However, performing the same reaction in either dichloromethane or chloroform dramatically increased the solubility and led to the formation of highly soluble nanoparticles, 6, in all cases.
Conclusions
In summary, a new synthetic approach to the preparation of intramolecularly collapsed nanoparticles is presented. From commercially available vinyl monomers, isocyanate functionalized linear copolymers can be routinely prepared on large scale and subsequent reaction with a diamine in dilute solution leads to the efficient formation of intramolecularly cross-linked polymeric nanoparticles. By varying the molecular weight and mole percentage of isocyanates for the starting linear copolymer, nanoparticles with diameters ranging from 8 to 20 nm were obtained with these materials showing physical properties fully consistent with a collapsed, three-dimensional structure. In comparison with the corresponding linear control copolymers, prepared by reaction with monofunctional amines, the collapsed products from difunctional amine cross-linking possessed significantly lower viscosities and hydrodynamic radii. Analysis of the collapse reaction revealed that approximately 75% of the isocyanate groups along the backbone underwent cross-linking with 25% being available for further reaction with monofunctional amines. This stepwise cross-linking and functionalization allows the chemical and physical properties of the nanoparticles to be further tuned and significantly opens up the range of nanoparticles that can be prepared using this mild and highly efficient chemistry, with future work examining the synthesis of functionalized nanoparticles. Figure 6 . Plot of reduced viscosity (in CHCl 3 ) versus concentration for control copolymers 5 (b, 72 kDa, 10 mol % NCO) and their analogous cross-linked nanoparticles 6 (O, 72 kDa, 10 mol % NCO).
